We have used a laser interferometric method to determine the refractive index of some laser dye solvents with a high accuracy of 5.8 x 10 -4 . The determination of refractive index (n) has been done by counting the interference fringes (N) as a function of the incidence angle of the laser beam. The absolute refractive index of pure water, dimethylsulfoxide, and different mixtures of percentages (P) 25%, 50%, 75% of dimethylsulfoxide has been measured. The relation between the bulk refractive index (nm) of these mixtures is plotted as a function of the investigated percentages. The temperature behavior of these refractive indices (dn m /dt) was studied carefully within a temperature range of (20-80°C). We have found that both the refractive index (n.) and temperature behavior of the refractive indices (dnm/dt) of different mixtures of the investigated solvents have the average index properties of the parent solvents. Also, a fitted empirical relation between n m , P, and t has been assumed as n m = a Pb t c w i t h e m p i r i c a l constants a, b, and c. According to that equation we have recalculated of these solvent mixtures and we have found satisfying agreement with the experimental results.
Introduction
When the pump laser beam is incident upon the dye solution it is absorbed causing a heat change of the solution. The density of the solution will change leading to a change of the refractive index a of the solution. The formation of the refractive-index gradient due to non-uniform heating by the pump radiation in the region of the optical gain gives a major limitation on achieving high power, spectrally narrow and spatially coherent radiation from the lasers. One of the main mechanisms by which the pump radiation is converted into heat in the dye solution (939) is radiationless deactivation of molecules in excited states, the proportion of which determines the dyes fluorescence efficiency [1] .
Also, the environmental temperature causes the same effects like those caused by the pump radiation conversion into heat in the solution. The inhomogeneous heating causes an inhomogeneous distribution of the refractive index of the dye solution which in turn causes a thermal lensing effect leading to the instability of the optical system and a reduction of the maximum pump power. In addition, the temperature change of the laser dye will defocus the laser beam when dn/dt < O or focus the beam when dn/dt > 0. The rate of change of the refractive index of the solvent with temperature dn/dt is a most useful parameter to achieve the thermo-optical properties of a solvent. The accurate value of |dn/dt| is essential to determine the dependence of the critical pump intensity Pcrit [1, 2] which is given as where S is the stability range of the unperturbed dye laser resonator, δi s t h e percentage value of the pump power which is converted into heat, p -density, l -the thickness of the jet stream, v -the flow velocity, and ωA -the beam radius of the focused pump laser.
The values of both n and dn/dt of the mixtures are studied carefully by using a Mach-Zehnder interferometer (MZI) with a high degree of accuracy and are reported in the present paper.
Experimental method
The Mach-Zehnder interferometer is an analogue to the Michelson interferometer (MI) which is based on the two-beam interference by amplitude splitting of the incoming wave. The construction of MZI is shown in Fig. 1 . The two waves travel along different paths.
When a transparent object is inserted into one arm of the interferometer, it alters the optical path difference between the two beams. This causes a change of the interference pattern, which enables us to determine accurately the refractive index of the sample under investigation and the local variation of the interfering fringes. Therefore the MZI may be regarded as a sensitive refractometer.
When the beam splitters B 1 , B2 and the mirrors M1 , M2 are all completely parallel, the path difference between the two split beams does not depend on the angle of incidence Φ, because the path difference δ1 = B1 M1 = 2a cos Φ, b e c a u s e the beams 1 and 3 are exactly compensated by the sample path length between M2 and B2 (Fig. lb) . This means that the interfering waves in the symmetric interferometer (without sample) experience the same path difference on the solid path as on the dashed path in Fig. la . Without the sample the total path difference is therefore zero, it is Δs = (n -1)L, L is the sample length, with the sample having the refractive index n in one arm of the interferometer [3] .
The Mach-Zehnder interferometer has been used as an accurate measurement tool to determine the refractive index n of the solvents [4] . The refractive index of both pure water and the dimethylsulfoxide (DMSO) haś been determined at the ambient temperature and then as a function of temperature. The solvent mixtures have been done from DMSO and pure water with different percentages P. The refractive index of those different mixtures has been measured at different temperatures. Each sample investigated was contained within a rectangular-quartz cell located in one of MZI's arms. The light source of the interferometer is the He-Ne laser with a 632.8 nm wavelength. The cell was fixed on the base plate of a spectrometer to enable us to change the incidence angle of laser beam with a small fraction of degree down to 10 minutes. The whole range of the incidence angle was 5-30 degrees with a step of 30 minutes measured at both right and left sides of the beam to reduce the error as possible. The solvent refractive index has been determined with a high degree of accuracy 5.8 x 10 -4 . By counting the number of the interference fringes N produced as a function of the incidence angle of the expanded laser beam, one can determine the refractive index n of the given sample by the graphical representation [5] of the following relation:
where is the angle of incidence, N -the number of fringes, t -the cell thickness, 10 mm, λ -the wavelength of the laser source, 632.8 nm. The term N 2λ2/2t can be neglected [6] as it is very small.
The experimental arrangement of refractive index determination is shown in Fig. 2 . Each of the two mirrors M1 and M2 is fixed on three-dimensional holder (movable in three dimensions by micrometer screws) to enable us to get a fine adjustment. The whole system is built on a rigid garnet plate with 42 mm in thickness which is mounted on an invader plate with a thickness of 79 mm. The invar plate is fixed on four thick rubber rings. This isolation enables us to get a vibrationless interference fringes leading to a high accuracy determination of the refractive index.
In order to determine the value of dn/dt for a solvent the change of the number of fringes has been measured as the dye solvent temperature was changing by using a thermal heating unit. Equation (1) was used to deduce the associated change in refractive index Δn. At normal incidence of the laser beam (Φ = 0) the neglected term of Eq. (2) can be used at a temperature T1 and then at a temperature T2. Then the change in the number of fringes ΔN which cross the field of view corresponding to the change of sample temperature Δt can be counted. Consequently, the change of the refractive index An is determined as a function of the change in the number of fringes ON as follows:
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The thermal heating unit consists of two concentric stainless steel cylindrical cells, its design is included in Fig. 3 . Figure 3 shows the experimental arrangement for the determination of heat change of refractive index dn/dt. The sample under investigation is contained inside the central cell between two parallel glass transparent windows. The outer cylinder cell is used to heat the circulated water which heats the sample in turn. The heated water comes from a copper reservoir which is heated by an electrical unit with a gradually increasing rate by using a special power supply. The temperature is calibrated and controlled through the power supply adjustment. The temperature is measured by a digital thermometer and also by a special thermocouple with an accuracy of ±0.5°C.
Then by calculating the refractive index n which corresponds to each value of temperatures one can plot the relationship between n and T from which dn/dt is calculated.
The number of fringes is counted manually by the visualization method with an accuracy 5.8 x 10 -4 . The accuracy is determined as the mean average of the two following terms:
1. The angle term: accuracy = the smallest angle could be measured/the whole angle range measured = 1 minute/30 degree = 5.5 x 10 -4 .
2. The fringes term: accuracy = the smallest part of the fringe could be measured/the largest number of fringes counted = 0.5(mid-point between two lighting successive fringes)/820 = 6.1 x 10 -4 . Therefore, the total accuracy becomes 5.8 x 10 -4 .
Theoretical background

Mean polarizability and dielectric constant
The mean polarizability a can be determined as a function of refractive index n of a sample in accordance to the following relation:
where M is the number of molecules per unnt volume.
By using the Maxwell relation between the dielectric constant e and the refactive index n for a non-nolar material it can be shown that i.e. the mean polarizability a can be determined as a function of either n and M or E and M.
For a polar material the following equation can be used to calculate the. dielectric constant ε and the permanent dipole moment µ0 of the molecule under investigation [7] where µ0 is the permanent dipole moment of the molecule, and k is the Boltzmann constant.
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Molar refractivity A
The molar refractivity A is essentially the total polarizability of a mole of the substance [8.] , being defined as where NAvo is the Avogadro number.
For monoatomic substances it is called the atomic refractivity. In terms of the molecular weight W, the density p, and the refractive index n of the substance, the molar refractivity A can be written as The quantity is called the specific refraction of a substance. For a given substance, r is independent of p. Therefore [9] 
Molar refractivity of a mixture
The molar refractivity of a mixture of two substances is equal to the sum of the contributions due to each substance. Thus, if two liquids of refractivities A1 and A2 are mixed, and if a unit volume of the first liquid contains N 1 molecules and of the second N2 molecules, then the molar refractivity of the mixture will be Finally, we consider the dependence of the molar refractivity A of a compound on the atomic refractivities of its constituent atoms. If the molecule consists of N1 atoms of refractivity A1 and of N2 atoms of refractivity A2, etc., then obviously 3.. 4 . n,,, of a mixture For a mixture of two different liquids, the refractive index of that mixture nm is given by [10] where A 1 , A2 are the molar refractivities of molecules of type 1 and 2; W1, W2 are the molecular weights of molecules of type 1 and 2; f l , f2 are the fractions, by mass, of molecules of type 1 and 2; n,,, is the refractive index of the mixture, and pm is the density of the mixture.
Temperature behavior dn/dt
Both the density and the refractive index are functions of temperature t, but molar refractivity is expected to be independent of temperature [11] . So that we have If we assume that the refractivity of a liquid is constant, dn/dt may be estimated from the density, refractive index and dp/dt, from the above equation we can get Therefore the macroscopic properties of both density and refractive index of the liquid can be used to determine dnm/dt according to Eq. (16).
The dimethylsulfoxide solvent is one of the strong organic solvents for laser dyes. Both water and DMSO belong to the three main categories of solvents for dissolving organic dyes. These categories are [ (1) and (2) together produce this third class of laser dye solvents. The importance of this class of solvents lies in the ability of getting a high solubility of the laser dye and a suitable thermo-optical characteristics.
Results and discussions
Water-based solvents
Water-based laser dye solvents are considered as excellent solvents because of their thermo-optical characteristics. In comparison with other liquids they have a smaller value of dp/dt and consequently a smaller value of dn/dt as shown from Eq. (16). It is known that the water has a maximum density at about 4°C which leads to dp/dt = 0. Therefore, if the temperature of the water about 4°C is changed with a small fraction one can expect that dn/dt = 0, but there is some doubt about the exact temperature at which this occurs [10] . This particular property of water. is the reason beyond considering it as the best thermo-optical solvent. The method of determination of the refractive index n of water is shown in Fig. 4 . The obtained value of n is shown in Table. Figure 5 shows the dependence of the measured refractive index n as a function of temperature for pure water. It was shown that around 4°C there is a very little change in refractive index with temperature [11] . This result agrees with another author [12] . We used our measured values of the refractive index n of water and the tabulated values of CRC [13] for density p at different temperatures to calculate the molar refractivity A of water. The values of A for water are plotted against the temperature in Fig. 6 . The molar refractivity of water is constant at a value of 3.71 which agrees very well with the other authors [11, 13, 14] . Because of the tendency of dye molecules to form dimers, the dye laser based on aqueous Fig. 4 . The relation between number of fringes N and the angle of incidence ¢ to determine the refractive index n of pure water. solutions has a low efficiency. The absorption spectra of these formed dimers lie in the absorption region of the lasing monomers and also frequently overlap their fluorescence band hence reducing the fluorescence efficiency. In the case of using organic solutions the dimerization is slight and the efficiency of the dye laser produced is much better. Therefore to reduce the dimerization process some organic compounds may be added to water.
DMSO organic solvent
The dimethylsulfoxide is one of the strongest organic solvents, which belongs to the class (2) of dye solvents. The determination of the refractive index of DMSO is shown in Fig. 7 with the values given in Table. The temperature behavior of the 'refractive index for this solvent within a temperature range of (20-80°C) is shown in Fig. 8 . The value of dn/dt is given in Table. This kind of organic liquid does not have the same behavior like water since it has a normal density-temperature behavior, i.e., its density decreases linearly by expansion, with increasing temperature. 
Solvent mixtures
The third class of laser dye solvents can include mixtures of water-based solvents, or mixtures of water-based and organic solvents. The investigated mixtures in the present work belong to this category. We added DMSO to water with different percentages (0%, 25%, 50%, 75%, 100% DMSO). During the determination of the number of interference fringes of those mixtures Nm we have found that, at the same angle of laser beam incidence Φ , where Ns 1, Ns2 are the numbers of the interference fringes of the solvents 1 and 2; P1, P2 are the percentages of the two mixed solvents.
The refractive index of each percentage is determined as shown in Fig. 9 and the relation between the percentages P and the refractive index n m is plotted in Fig. 10 from which it can be obviously shown that there is a direct proportionality between the refractive index n,,, of the mixture and the percentage of the organic solvent (DMSO) which had been added to the water. The types of temperature behavior of the mixtures are plotted on one diagram shown in Fig. 11 . In Figs. 10 and 11 we can see that the index properties (n, dn/dt) of a mixture is given by an average of the index properties of the parent solvents. Since Fig. 9 . Determination of the refractive index of different percentages P 25%, 50%, and 75%.
10. The relation between percentage P 0%, 25%, 50%, 75%, and 100% and refractive index n. we had observed a nonzero dn/dt for both water and DMSO we cannot expect a zero dn/dt for any combination of water and dimethylsulfoxide. The results of this experimental work are shown in Fig. 10 for bulk refractive index ri m and Fig. 11 for dn/dt's of the mixed solvents. These results show also that both the bulk index and dn/dt for solvent mixtures are inherited from the parent solvents in proportion to their percentages in the mixture. Therefore, we can expect that the effect of mixing two or more liquids can be simply accounted for, by adding proportionally their bulk indices and, dn/dt's.
We have assumed an empirical relation between the refractive index of a mixture n,,,, solvent percentage P and temperature t as follows:
By using this formula we have calculated the refractive index (n m )cal at different temperatures for each percentage and compared it with the measured indices as shown in Fig. 12 .
Conclusion
By using MZI, we have measured the absolute refractive indices for two solvents, which belong to the most commonly used laser dye solvents. Also, we have measured the temperature behavior of these refractive indices for both pure water and DMSO in the temperature range from 20 to 80°C with an accuracy better than 5.8 x 10 -4 . The quantum efficiency of dyes dissolved in water is improved by adding the organic additive [1] . The effect of these additives on dn/dt and hence thermo-optical properties is reported here and it is found that an additive superimposes an additional dn/dt on that of water.. For liquid mixtures the resultant dn/dt is simply the proportional average of the parents dn/dt.
